INTRODUCTION 38
Bacteria are able to form surface-attached multicellular communities, called 39 biofilms, which represent a protected mode of growth that allows cells to survive 40 in hostile environments and colonize new niches (8). Because biofilms can form on 41 virtually any surface, they have a profound impact in medicine, industry and 42 agriculture. Intensive research over the last decade has led to the identification of 43 key factors for biofilm formation. Among these, the presence of an extracellular 44 matrix produced by the bacterial cells contributes to the architecture, organization 45 and maintenance of the three-dimensional structure of biofilms. The composition 46 of the matrix depends on the bacterial species and the environmental conditions 47 but it is generally made up by different exopolysaccharides (EPS) (4, 18, 19), 48 extracellular DNA (27) and secreted proteins (13, 15, 22) . The involvement of cell 49 surface proteins in biofilm development has been described in detail for a variety 50 of bacterial species. They include BapA in Salmonella enterica (13), Bap in 51
Staphylococcus aureus (12), TasA in Bacillus subtilis (22) and LapA in Pseudomonas 52 putida and P. fluorescens (9). In a recent publication (15) we described that the 53 adhesin LapF mediates cell-cell interactions which lead to microcolony formation 54 and biofilm maturation in Pseudomonas putida KT2440. However, the molecular 55 mechanisms by which LapF exerts its function remain unknown. 56 A significant number of large proteins involved in cell-surface and cell-cell 57 interactions contain putative calcium binding domains (1, 11, 28) . Calcium has 58 been related to a variety of biological processes in bacteria (3, 7, 10), but its role in 59 biofilm development is somewhat controversial. Previous research has shown that 60 increasing amounts of calcium disable Bap-mediated biofilm formation and 61 intercellular adhesion of Staphylococcus aureus (1) . However, recent reports 62 on December 24, 2017 by guest http://jb.asm.org/ Downloaded from 1.5 ml of nickel chelating resin (G-Bioscience) were washed and conditioned as 112 indicated by the manufacturer prior to adding to the samples and incubating with 113 gentle agitation for 1 h at room temperature. The mixture was centrifuged and 114 after decanting the supernatant, the lysate/resin mixture was washed with 5 115 volumes of binding buffer (20mM Tris, 500mM NaCl, 1mM Imidazol, 1mM PMSF), 3 116 volumes of washing buffer-I (20mM Tris, 500mM NaCl, 30mM Imidazol, 1mM 117 PMSF). The proteins were eluted with elution buffer (20 mM Tris, 500 mM NaCl, 118 500 mM Imidazol and 1 mM PMSF). The purified protein was treated with 10mM 119 EGTA and cleaned with Sephadex G-25 gel-filtration chromatography, followed by 120 overnight dialysis against 10 mM Tris/HCl, 50 mM NaCl, pH 7.5. Protein 121 concentration was determined as previously described (26). The integrity and 122 homogeneity of the recombinant protein was confirmed by SDS/PAGE (4% 123 stacking gel, 12% separating gel) and Western Blot analysis using anti-His tag 124 antibodies (Santa Cruz Biotechnology, Inc.). The identity of the protein was 125 confirmed by ESI-MS/MS analysis. 126 127
Molecular weight estimation by Analytical FPLC 128
The molecular weight of the protein before and after treatment with 10mM EGTA 129 was estimated using a Superdex-200 HR 10/30 column with an AKTA explorer 130 FPLC system (Amersham Biosciences). The column was equilibrated with 20 mM 131
Tris, 50 mM NaCl buffer, pH 7.5. The molecular weight of the eluted protein was 132 estimated by a calibration curve prepared using the elution times measured for 133 standards (Bio-Rad, Hercules, CA) ranging from 1.35 to 670 kDa (thyroglobulin 134 (670 kDa), α-globulin (158 kDa), albumin (67 kDa), ovalbumin (44 kDa), 135 myoglobin (17 kDa), and vitamin B12 (1.35 kDa)). 136 on December 24, 2017 by guest http://jb.asm.org/
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Dynamic Light Scattering 138
Experiments were performed at 25ºC using the DynaPro NanoStar (Wyatt). 139
Protein solutions were dialysed overnight against a filtered buffer (10mM 140
Tris/HCl, 50 mM NaCl, pH 7.5) and filtered before each experiment using a sterile 141 syringe filter w/0.45 µm cellulose acetate membrane (VWR). Protein solution was 142 adjusted to a final concentration of 5 mg/ml of protein and injected in a 50µl 143 cuvette and placed into the sample cell. The total sample injection volume was 144 60µl. To test the effect of calcium in the protein solution, a filtered CaCl2 solution in 145 10mM Tris/HCl, 50 mM NaCl, pH 7.5, was injected to the sample to a final 146 concentration of 10mM, using a Hamilton syringe (Hamilton Co). A filtered EGTA 147 solution was subsequently added to the sample to a final concentration of 20mM. formation. However, when MgCl2 was added alone, no increase in attachment was 229 observed until 24 h after inoculation. This suggests that the effect of EGTA is 230 indeed a consequence of calcium chelation, so that when Mg is added in excess it 231 sequesters EGTA, and more free calcium is available. Surprisingly, the combination 232 of MgCl2 and EGTA caused cells to remain attached, an effect that was not observed 233 with magnesium alone. 234
The role of calcium was also tested in 6-wells plates with glass coverslips partially 235 immersed in the growth medium (1:10 LB with or without CaCl2). Biomass 236 attached to the coverslip during growth was evaluated directly. As shown in Figure  237 on December 24, 2017 by guest http://jb.asm.org/ Downloaded from 1D, addition of CaCl2 caused an increase in biofilm biomass at 24 h. Conversely, 238 addition of the calcium chelator EGTA at a concentration that did not affect 239 planktonic growth caused a reduction in the amount of biomass attached to the 240 coverslips. In these experiments, no significant influence of either treatment was 241 observed at earlier timepoints. 242
These data suggested that calcium has a time-dependent influence on attachment 243 (15) . We decided to focus our attention on LapF, to define the potential 247 role of calcium on its functionality. Initially, the biofilm phenotype previously 248 observed for mus-20, a lapF mutant (15) , was compared to the effect caused on 249 
To begin defining the role of calcium in the functionality of the protein, a DNA 273 fragment encoding CLapF was cloned in the expression vector pET15b. This 274 construct was used to express and purify CLapF as a 690 amino acids fusion 275 protein with a 6-His tag (Supplementary Figure 1) . The purified polypeptide was 276 treated with EGTA to remove any potential traces of calcium, and Isothermal 277 Titration Calorimetry (ITC) assays were performed in order to test the interaction 278 of CLapF with this cation. As shown in Figure 4 and calcium caused faster and more compact clustering of the protein, so that with 100 296 mM CaCl2 large aggregates were visible after 3 h of incubation (data not shown). 297
Dynamic Light Scattering (DLS) was then used to analyse the size distribution of 298 the hydrodynamic radius and the polydispersity of CLapF in the presence or 299 absence of Ca 2+ and EGTA. The polydispersity (Pd) value gives information about 300 the homogeneity or heterogeneity of a given population (peak). The level of 301 homogeneity is considered high when the population has a Pd less than 15%. 302
Purified CLapF shows three different protein subpopulations in solution (Figure 6 ). 303
The hydrodynamic radius (RH) of each subpopulation is described in Table 2 . After 304 addition of 10 mM of CaCl2 to the same sample, a new subpopulation of large 305 aggregates is generated with a RH of 5262 nm, nearly six times more than the 306 biggest aggregate in the absence of calcium. The new subpopulation of aggregates 307 corresponds to more than 50% of the total mass of the protein sample (Table 2) . 
LapF clusters on the cell surface and between cells in biofilms 325
LapF had been previously localized in the cell surface of P. putida KT2440 and 326 between cells in the biofilm using immunofluorescence and western blot analysis 327 (15) . To get a more precise localization of LapF in cells within a biofilm, P. putida 328 KT2440 was grown in 6-well microtiter plates in LB, with a nickel grid in the 329 middle of each well. Cells were incubated at 30°C and after 8 hours of incubation, 330 grids were recovered and treated as described in Material and Methods, for 331 electron microscopy observation with anti-LapF antibodies. As shown in Figure 8 , 332
clustering of LapF on the cell surface can be observed. In ultrathin sections of the 333 cells recovered from the well, LapF is detected in the cytoplasm but is mainly 334 localized in large aggregates between cells, supporting its role in cell-cell 335 interactions and as part of the extracellular matrix of the biofilm. 336
DISCUSSION 339
Calcium is essential for many biological processes and has been previously shown 340 to influence the multicellular behavior of different microorganisms. In this work 341
we have provided evidence of calcium causing accelerated biofilm formation by P. when these are mutated, the inhibitory effect of Ca +2 is lost. It is worth noting that 366 the Ca +2 -binding sites in the C-terminal region of LapF do not correspond to EF-367 hand motifs but rather resemble those described in NodO (5), a Ca +2 -binding 368 secreted protein which has been proposed to mediate the interaction between 369
Rhizobium leguminosarum cells and plant roots in a calcium-dependent way. 370
The influence of calcium in P. putida also contrasts with that observed in P. 371 fluorescens, where this cation seems to have a negative effect on attachment 372 mediated by the large adhesin LapA (2). It is worth noting that whereas LapA 373 homologs are present in P. putida and P. fluorescens, LapF is exclusively found in 374 the former. It could be that the role of calcium is different in the two species or that 375 in P. putida calcium is somehow part of a "clock" for the attachment process. Our 376 current model of sequential requirement of LapA and LapF in biofilm formation 377 and the fact that calcium concentration alters the timing for 378 attachment/detachment would favor this idea. 379
Calcium is a relatively abundant element in soils, with average concentrations 380 ranging from 7 to 24 mg/g of soil, according to different surveys (23). It is 381 generally present as a component of soil minerals or in its cationic form adsorbed 382 to soil particles, from which it is available to plant roots to be incorporated by 383 mass flow. It is therefore likely that the plant root-colonizing bacterium P. putida 384 KT2440 encounters a gradient of this element in its natural niche and has partly 385 adjusted its multicellular behavior to the concentrations found on the root surface. 386 
